We explore and demonstrate quantum confinement without walls in metal-clad InAs quantum wells. We observed intersubband absorption from confined states in InAs clad with Al, Sb, Nb, W, Pt, Ag, Au, Ti or In. We found that using this novel method, we can explore the physics and chemistry at the metal-semiconductor interface; reflection, autoionization, well-width fluctuation and interface reaction. c 2000 Academic Press Key words: metal-semiconductor interface, reflection, autoionization, intersubband absorption.
The metal-semiconductor interface is an important element of nearly all semiconductor electronic and photonic devices forming Schottky or ohmic contacts. Although they have been studied for many decades, there are few experiments that explore the quantum mechanical boundary conditions. Nearly every aspects of the band structure is discontinuous at the interface and quantum mechanical reflection and transmission are difficult to anticipate a priori. The boundary condition will become more important in nanoscale semiconductor devices, since the ratio of contacting area to the volume of the active region of the device becomes larger as the size of the device becomes smaller. The boundary condition is also important for quasi-particle transport in superconductor-semiconductor devices [1] and for spin transport in ferromagnet-semiconductor devices [2, 3] .
In this work, we demonstrate and explore quantum confinement of carriers in InAs quantum wells defined by a metal-quantum well interface (Fig. 1) . Since the InAs-metal interface forms ohmic contact, it is usually assumed that the interface is transparent and quantum mechanical reflection can be ignored. It seems clear that this is not likely and the quantum mechanical transport through the interface will be sensitive to quantum mechanical reflection and transmission, and material reactions at the interface. While the metal presents no barriers or walls, band structure discontinuities can lead to quasi-bound states and confinement without walls. † Also at: Quantum Transition Project, Japan Science and Technology Corp., Japan. The intersubband optical absorption spectrum should be sensitive to the reflection and the quantum mechanical boundary condition at the metal-semiconductor interface, since the magnitude and the phase of the reflection coefficient determines the width and the frequency of the resonance. Therefore, we explore intersubband transitions in InAs quantum wells terminated by various metal-InAs interfaces and produced in various ways. While this approach has the potential to test physical models of the metal-semiconductor interface, systems that support well-defined quantum states are potentially important for ultra-fast resonant tunneling diodes and infrared detectors.
The metal-clad quantum wells are based on InAs-AlSb structures and were prepared by in-situ MBE growth and by ex-situ processing. Ex-situ samples are perhaps most interesting and prepared as follows. We start from the InAs-AlSb QW structure, remove the top AlSb barrier and GaSb cladding layer by selective wet chemical etching in ambient environment. Immediately after the etching process, we put the sample into a metal deposition chamber, evacuate down to 10 −6 ∼ 10 −7 torr, and deposit a metal film by sputtering or electron beam evaporation. For some samples, we cleaned the InAs surface by Ar plasma by removing a few nanometers of the material including oxide. We used modulation doped 15 nm thick InAs-AlSb QWs. The electron concentrations are nominally 7.5 × 10 12 cm −2 and the mobilities are 6 to 15 m 2 (Vs) −1 . Using this method, we investigate the confinement of electrons in InAs terminated by Al, W, Pt, Ag, Nb, In, Ti, Au, or Ni. In-situ samples were prepared by growing the structures by molecular beam epitaxy method including the metal layer (Al, Sb, or Nb).
We measured the mid-infrared absorption spectrum of the samples using Fourier transform infrared spectrometer (FTIR) in multi-pass waveguide geometry with 5 mm length and 500 µm thickness. The absorption is measured with TM polarized light at 300 K. The optical reference is provided by the sample prepared similarly but with the InAs layer removed.
In-situ samples should have a sharper and cleaner interface and are a good benchmark for metal-clad quantum wells. Ex-situ samples suffer more drastic processing [4] , but recovery of well-defined intersubband absorption opens a richer arena in which to correlate quantum states and interface physics and chemistry. We will focus on the ex-situ experiments in the following. Figure 2 shows the absorption spectrum of Al-clad InAs structures. The curve A is the intersubband absorption of the original InAs quantum well clad by AlSb barriers. The sharp absorption from the first excited subband to the second excited subband is observed at 176 meV. The material was then processed to create an Al-clad structure. After chemically exposing the InAs well, Al was deposited by sputtering after RF plasma cleaning for 30 s with plasma potential about 100 V. We found that a clean absorption was still observed (curve B of Fig. 2) , showing that the Al-InAs interface is very reflective for electrons [5] . We identify the observed absorption of the Al-InAs structures as the transition from the first excited to the second excited subband, but note the peak shift and broadening. The peak shift is 29. and a well-width fluctuation induced by the process and/or by reaction of Al with InAs [6] . The data suggest that despite the expected transmissivity of the Al-InAs interface, the electrons are strongly reflected either by band structure discontinuity or formation of a AlAs barrier. In Fig. 3 , we show the absorption of a W-InAs quantum well compared with the barrier bound system. The process followed the Al-InAs quantum well shown in Fig. 2 . We found that W-InAs exhibits intersubband absorption, shifted toward higher energy and broadened, showing that the W-InAs interface is also reflective in a way somewhat similarly to Al-InAs. The amount of peak shift, 26.1 meV, is of the same order as the shift in Al-InAs. However, W-InAs shows an anomalous absorption in the lower energy side of the original intersubband peak which is not observed in the Al-InAs structure. The width increase W = 67.1 meV is more than factor of 2 of Al . This anomalous absorption cannot be accounted for by well-width fluctuation. Similar anomalous low-frequency absorption is also observed in structures using Pt, Ag, In, Au, Nb, and Ti.
Nearly same peak shift of both Al-InAs and W-InAs indicates that the effect of the etching and Ar plasma cleaning to the InAs film are similar for both samples. Also cross-sectional transmission electron microscope study of the W-InAs structure reveals that the W-InAs interface is abrupt (the interface transient is less than 2 ML, which is equal to the resolution limit of the instrument). These observation indicates that in the WInAs structure, the electron states in the InAs may autoionize as Fano described some time ago [7] . In our case, the InAs states are autoionized by the coupling to the metallic electronic states as a continuum.
Based on these result, we estimated the reflection coefficient R at the W-InAs interface. Using the processed Al-InAs quantum well absorption as a base line, we estimate the increased absorption due to autoionization. We calculate the broadening of the autoionized subband as a function of R. The line width increase indicates that |R| 2 0.47. The phase of R at W-InAs is estimated to be close to π , since the peak shift of W-InAs is similar to that of the Al-InAs structure. We found a similar broadening in the Nb-InAs interface [8] to W-InAs, which indicates that quasi-particle transport across the interface is affected by the interface transmission. This is consistent to the observation that single Andreev reflection probability is rather low (∼3%) [9] . In conclusion, we successfully observed intersubband absorption in metal-clad InAs structures using various metals. We showed that intersubband spectroscopy can sensitively detect the metal-semi interface conditions and is promising to explore the rich physics and chemistry at the interface; reflection, autoionization, well-width fluctuation, and interface reaction.
